The Blake River Group of the Abitibi greenstone belt is host to the well-known volcanogenic massive sulfide (VMS) deposits of the Noranda camp, Québec, Canada.
Introduction
THE ARCHEAN Blake River Group of the Abitibi greenstone belt has been the focus of significant mining and mineral exploration for over a century and has contributed significant base metal and gold resources to the Canadian and international economy. The Noranda camp in Québec has produced over 3 million metric tons (Mt) of Cu and Zn from Cu-Zn (Noranda-type) volcanogenic massive sulfides (VMS) in 17 past-producing mines from within the Noranda cauldron (Gibson and Watkinson, 1990; Racicot, 1990 ). Significant gold also has been produced from the Au-rich Horne, Quemont, and Bouchard-Hébert mines (formerly Mobrun mine) in Noranda, Québec (Barrett et al., 1991; Kerr and Gibson, Regional distribution of the Blake River Group (upper and lower bounds between the Destor-Porcupine fault and the Cadillac-Larder Lake break), with locations of major felsic volcanic complexes of the Central Blake River Group, synvolcanic intrusions of the Blake River Group, and younger Lac Dufault-age intrusions. Figure modified from Hannington et al. (2003) .
Previous Work
The Blake River Group in Clifford Township has been the focus for a number of years. The most detailed regional mapping in Clifford Township was undertaken by Jensen (1975) , which updated the previous work of Wilson (1901) , Knight (1920) , and Gledhill (1928) . The Jensen and Langford (1985) study provided a regional stratigraphic framework, which is the basis for most of the mapping and stratigraphic work in this paper. Wolfe (1977) conducted a volcanic lithogeochemical and soil and till geochemical study of Ben Nevis Township and showed anomalous Zn and Cu values in volcanic rocks with larger areas enriched in As, Sb, Pb, Li, Sn, and Hg. Grunsky (1986) undertook a regional alteration lithogeochemical study of the volcanic rocks in Clifford and Ben Nevis Townships and outlined various types and zones of alteration and mineralization. This work was refined by Grunsky and Agterberg (1988) and Grunksy (1988) . In the 1990s, regional-scale hydrothermal alteration was examined by Galley (2003) and Hannington et al. (2003) .
Recently, fluid inclusion studies of quartz-and epidote-associated mineralization were undertaken by Ioannou et al. (2004) and Weiershäuser and Spooner (2005) . Their work illustrated that most of the quartz associated with mineralization was of low-temperature (110º-160ºC) hydrothermal origin with relatively low to moderate salinities, likely due to semiconformable alteration in a VMS environment. This study also summarizes recent regional thematic mapping of key areas of the volcanic stratigraphy of Ben Nevis Township and detailed studies of the Clifford stock and related mineralization in Clifford Township (Chaloux, 2005; ; this study).
Geology and Stratigraphic Relationships
The geologic and stratigraphic relationships of the Blake River Group and Clifford stock in Clifford Township were established by bedrock geologic mapping and examination of drill core (Figs. 2, 3) . Clifford Township is dominated by volcanic and subvolcanic rocks of the Blake River Group, felsic intrusive rocks of the Clifford stock and associated dikes (referred to hereafter as the Clifford intrusive complex), and Paleoproterozoic diabase of the Matachewan dike swarm (Figs. 2, 3) . The volcanic rocks consist of basaltic-andesite, andesite, and felsic volcaniclastic rocks that young outward from the Clifford stock (Fig. 2) . The stratigraphy is interpreted to record two cycles of volcanism and comprises five volcanic to volcaniclastic units as well as synvolcanic diabase and/or gabbro intrusions. The lowermost packages consist of pillowed to massive basaltic andesite to andesite that is amygdaloidal and variably plagioclase porphyritic; plagioclase phenocrysts are 2 to 3 mm long and euhedral. Conformably overlying the amygdaloidal basaltic andesite is an andesitic volcaniclastic unit. The andesitic volcaniclastic rocks are matrix supported and consist of fine-grained, gray to gray-black andesitic tuff with varying amounts of feldspar lapilli and black andesitic fragments. Feldspar grains range from <1 to 5mm and are euhedral to subhedral; in places they comprise 30 to 40 vol percent of the rock. Black andesitic fragments are subrounded to subangular, range from <1 up to 10 cm in size, and constitute up to 20 to 30 vol percent of the rock. Overlying the andesitic tuff unit is the first of two felsic volcaniclastic units consisting of a matrix-supported felsic tuff breccia (nomenclature from Fisher, 1966) . On surface these tuff breccias appear monolithic to polylithic. However, in drill core the breccias are polylithic with clasts of andesite, basaltic-andesite, dacite, and rhyolite; all clasts are angular to subrounded, occur within a matrix of fine siliceous ash, and range in size from 1 to 30 cm.
Overlying the first felsic volcaniclastic unit is a second unit of amygdaloidal and variably plagioclase porphyritic basalticandesite to andesitic tuff with small plagioclase feldspars less than 1 and up to 2 to 3 mm. The uppermost stratigraphic unit consists of a second felsic tuff breccia to lapilli tuff, very similar to the underlying tuff breccia, consisting of a matrixsupported breccia with angular clasts of dacite to rhyolite. Normal grading in the tuffs and tuff breccia and the transition from tuff breccia to lapilli tuff on a regional-scale are consistent with stratigraphic facing outward from the Clifford stock (Jensen, 1975) .
Minor felsic flows and cryptodomes occur within Clifford Township. In southern Clifford Township felsic flows are associated with a primarily felsic volcaniclastic package (Fig. 2) . These flows are white, aphyric, massive, and rhyolitic. In eastern Clifford Township there are flow-banded rhyolitic volcaniclastic rocks (Fig. 4A ) spatially associated with synvolcanic rhyolitic dikes (Fig. 4B ), interpreted to be part of a cryptodome. The rhyolitic volcaniclastic rocks in eastern Clifford Township are different from most felsic volcaniclastic rocks in the area in that they are clast-supported, mono-lithologic, and consist of polygonally-jointed, flow-banded rhyolite fragments (Fig. 4A) . Rhyolitic intrusive rocks that intrude these felsic volcaniclastic rocks have irregular margins, are fine grained, and are synvolcanic ( Fig. 4B ; see Péloquin et al., 2008 , for U-Pb geochronology of these dikes).
Mafic intrusive units cutting the Blake River Group stratigraphy are often difficult to distinguish from the mafic-intermediate volcanic rocks of the Blake River Group. These rocks intrude all stratigraphic units of the Blake River Group but have chemical attributes similar to those of the volcanic rocks (see MacDonald et al., 2005) and are synvolcanic to the basaltic-andesitic to andesitic volcanic rocks. The intrusions form sheet-like and dike-like intrusions of diabase, diorite, and locally gabbro. In some places the dike-like intrusions have amygdules suggesting emplacement at high levels, also supporting a synvolcanic origin (e.g., Jensen, 1975) .
The Blake River Group is intruded by granitoids of the Clifford Stock and by east-northeast-trending dikes interpreted to be equivalents of the Clifford Stock (Figs. 2, 3 ). The Clifford Stock itself consists of a relatively equigranular tonalite to granodiorite, commonly hornblende-bearing and locally hornblende-biotite-bearing ( Fig. 4C-D) . Xenoliths of the surrounding wall rock are present in the intrusion locally. Southeast of the Clifford stock are numerous east-to northeast-striking dike-to sill-like intrusions that cut the Blake River Group (Figs. 2, 3 ). These dikes are fine-to mediumgrained, variably feldspar porphyritic, locally pyrite-bearing, siliceous, and dacitic to rhyolitic in composition (Fig. 4E) . The felsic dikes have straight walls in most places, suggesting emplacement into solidified host rock material, but are irregular in some localities as a result of emplacement into dilatent zones or when associated with hydrothermal brecciation. The dikes contain xenoliths of very angular fragments of wall rock and the breccias are interpreted to be due to forceful emplacement of the dikes into their hosts (Fig. 4F) . They are also spatially associated with breccia pipes (e.g., Croxall occurrence) and stockworks of pyrite-quartz-gold-molybdenite veins (Chaloux, 2005) .
The granitoids are cut by north-northwest-trending dikes of the 2.47 to 2.45 Ga Matachewan mafic dike swarm ( Fig. 2 ; Heaman, 1997) . These gabbroic dikes are coarse grained, have no recrystallization of primary igneous mineralogy, and are highly magnetic, unlike the synvolcanic gabbro-diabase intrusions of the Blake River Group.
Alteration and Mineralization Styles
Alteration and mineralization within Clifford Township includes (1) contact metamorphic alteration around the Clifford stock with minor pyrite mineralization, (2) synvolcanic VMS-style alteration and mineralization, and (3) intrusion-related or porphyry-style alteration and subeconomic Cu-MoAu mineralization.
Regional metamorphic assemblages are dominated by lowgrade prehnite-pumpellyite facies minerals (Jensen, 1975; Hannington et al., 2003) . Near the Clifford stock a well-defined contact metamorphic aureole surrounds the intrusion for 200 to 300 m (Fig. 2) . In the aureole, the basaltic-andesitic to andesitic rocks exhibit a distinctive greenish-black coloration and contain magnetite, lathlike needles of plagioclase (albite), epidote patches, and, in some cases, a fibrous to needlelike amphibole (actinolite; Fig. 5A ). Minor disseminated pyrite is present in the metamorphic aureole.
Synvolcanic VMS-style alteration is characterized by amygdule-filling chlorite, quartz, epidote, and/or pyrite (Fig. 5B) . Most common are quartz-pyrite fillings but there are also epidote-quartz-pyrite, chlorite-quartz, and chlorite-pyrite infillings. These mineral assemblages are also present in the more mafic members of the Blake River Group, as patches, typically near permeable zones in the rocks (i.e., in hyaloclastite or volcanic breccias). These alteration assemblages are interpreted to represent semiconformable alteration (cf. Galley, 1993) . Silicification and chlorite alteration are associated with sulfide mineralization and interpreted to be vent proximal, high-temperature alteration (e.g., Franklin et al., 2005; Galley et al., 2007) . This style of alteration and mineralization has been observed only in drill core within the lowermost basaltic-andesite pillow lava sequence. Associated mineralization is restricted to hyaloclastite along pillow margins where chalcopyrite, pyrite, and quartz are found interstitial to angular Amygdaloidal andesite from the Blake River Group with amygdules filled with epidote, chlorite, and pyrite; this assemblage is typical of VMS-related regional semiconformable alteration (e.g., Galley, 1993) . C. Pillow lava with chlorite alteration of the edge of the pillow with silicification of the hyaloclastite (white fragments), and pyrite-chalcopyrite mineralization; this is typical of pipelike VMS-related alteration. D. Breccia pipe occurrence from the Croxall prospect with angular andesite fragments in a matrix of quartz and sulfide; this style of alteration is interpreted to represent a younger magmatic-hydrothermal event. E. Pyrite-rich assemblage associated with the breccia pipe at the Croxall prospect. F. Randomly oriented epidotequartz veins that are associated with the younger, magmatic-hydrothermal event (i.e., these veins cut the Clifford stock as well, thus must be post ~2690 Ma). G. Medium to dark gray quartz veins that contain pyrite, molybdenite, and gold; these veins typically form stockworks and are interpreted to reflect a magmatic (porphyry)-style of mineralization (Chaloux, 2005) . H. Typical late "J-veins" (jasper veins) of K-feldspar, calcite, and hematite; these veins are the latest in the magmatichydrothermal paragenesis and crosscut all other alteration and mineralization.
hyaloclastite with sulfides comprising a maximum of ~10 vol percent of the rock (Fig. 5C ). Hyaloclastite fragments are either bleached to a white-pink color and silicified or are completely altered to chlorite ± epidote (Fig. 5C ). Finer grained ash-sized material in the matrix of the hyaloclastite is commonly completely replaced by chlorite. Porphyry Cu-Au-Mo-style alteration is associated with breccia pipe occurrences on surface (e.g., Croxall; Figs. 2, 6) and with felsic dikes and breccias in drill core (Fig. 5) and overprints VMS-style alteration. On surface the mineralization occurs within breccia pipes, like the Croxall prospect (Fig. 6 ). These pipes are circular in nature, dominated by porphyry and brecciated rhyolite porphyry, and are hosted by andesitic rocks. At the Croxall prospect there is a zoned breccia pipe with a core of andesitic breccia (collapse breccia) with interstitial quartz and sulfide cement (Fig. 5D ), which grades out to a "milled" marginal breccia enriched in quartz, pyrite, and chalcopyrite (Figs. 5E, 6) with elevated Au, Ag, and Mo (Chaloux, 2005) . Silicification and pyrite alteration occurs in the breccia pipe, whereas outside of the breccia pipe wall rocks have a randomly oriented network of millimeter-to centimeter-scale veins consisting of quartz, epidote, K-feldspar, hematite, and calcite (±sericite; Fig. 5F -H). In drill core, mineralization and alteration are associated with a randomly oriented vein network that exhibits a complex paragenesis. The paragenesis appears to be, from oldest to youngest, (1) epidote, chlorite, and sericite ( Fig. 5F ), (2) quartz-pyrite, (3) dark gray quartz-pyrite-chalcopyrite-molybdenum (and gold?, Fig. 5G ), and (4) hematite-calcite-±K-feldspar (Fig.  5H ). Cu-Mo-Au mineralization is associated with dark gray quartz veins, and the aleration is cut by late hematite-calcite ±K-feldspar veins, similar to "J veins" in porphyry systems (due to their jasperoidal appearance). The veins that host mineralization are present in all rock types but most of the mineralization occurs in feldspar porphyritic rhyolite dikes with compositions similar to the Clifford stock. These relationships provide compelling evidence that the porphyrystyle mineralization is a younger hydrothermal event that postdates, but is likely related to, the emplacement of the Clifford stock and associated dikes (see U-Pb and Re-Os geochronology below).
Lithogeochemistry
The lithogeochemical data for the Clifford stock and associated dikes are presented in Table 1 . Geochemical samples were collected from surface exposures and weighed ~1 kg. Weathered surfaces were removed in the field or with a diamond saw. Samples were crushed using a steel jaw crusher and subsequently pulverized. Samples from 2003 were pulverized in an agate mortar at the Ontario Geoscience Laboratories in Sudbury, Ontario, and samples from 2004 were pulverized in mild steel at Activation Laboratories in Ancaster, Ontario. Samples pulverized in the mild steel mortar may have up to 0.2 percent contamination by Fe, with contamination from other trace elements being negligible (E. Hoffman, pers. commun., 2007) . Samples crushed in agate can have minor Si contamination. Powders were analyzed using a combination of X-ray fluorescence (XRF), inductively coupled plasma emission spectroscopy (ICP-ES), and inductively coupled plasma mass spectrometry (ICP-MS). Major elements were determined by wavelength dispersive XRF using fused disks at both the Ontario Geoscience Laboratories (2003 samples) and Activation Laboratories (2004 samples); LOI was determined via conventional heating and weight difference methods at both the laboratories. Trace elements were analyzed via inductively coupled plasma mass spectrometry (ICP-MS: Nb, Ta, Zr, Hf, Y, Cs, Th, U, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) and inductively coupled plasma emission spectroscopy (ICP-ES: Ba, Be, Cd, Co, Cr, Cu, Li, Mo, Ni, S, Sc, Sr, V, W, Zn), using a closed-beaker multiacid digestion method prior to analysis (Burnham et al., 2002; Burnham and Schweyer, 2004) at the Ontario Geoscience Laboratories. Some trace elements were also determined by pressed powder pellet XRF at the Ontario Geoscience Laboratories ( elements by ICP-ES analysis at the Ontario Geoscience Laboratories are Ba (5%), Be (5%), Co (15%), Cr (15%), Cu (15%), Li (10%), , Ni (10%), S (20%), Sc (10%), Sr (10%), V (10%), and Zn (10%). Precisions for trace elements by ICP-MS are Nb (5%), Ta (5%), Zr (10%), Hf (10%), Y (10%), Cs (10%), Th (7%), U (7%), and REE (<10-12%). Estimated accuracy, based on analysis of reference materials, can be found in MacDonald et al. (2005) .
Results
Geochemical data for the Clifford intrusive suite rocks are presented in figures that follow and Table 1 . The rocks of the Clifford intrusive suite have SiO 2 contents of 60 to 70 wt percent and, for the most part, have Na 2 O contents of 2 to 5 wt percent and Al 2 O 3 /Na 2 O values <10 (Fig. 7) . Most samples have LOI values <4 wt percent and there is an antipathetic relationship between Na 2 O and LOI ( Table 1 ), suggesting that the lower Na 2 O contents are due to Na losses associated with weak alteration. Major element compositions tend to deviate little from primary igneous compositions ( Fig. 7B-C) , however, suggesting that most rocks are only weakly altered. The normative mineralogy for the Clifford intrusive suite suggests that the rocks are primarily tonalite, trondjhemite, and granodiorite (TTG; Fig. 8A ). The Clifford intrusive suite has calc-alkaline affinities on an AFM plot ( Fig. 8B ) and generally subalkaline Nb/Y ratios (Winchester and Floyd, 1977 ; modified by Pearce, 1996; Fig. 8C) . The suite has relatively high Al 2 O 3 contents (>13%) and low Yb (≤2 ppm), consistent with them being part of a high Al TTG suite (Fig. 8D) . The low Yb concentrations in samples of the Clifford intrusive suite are matched by very low Y concentrations (typically less than 10 ppm; Table 1 ) and they have very high, calc-alkaline Zr/Y ratios (>7) characteristic of the FI rhyolites of Lesher et al. (1986;  Fig. 9A ).
The primitive mantle-normalized patterns for the Clifford intrusive suite are light rare earth element (LREE) enriched with heavy rare earth element (HREE) depletions, negative Nb, Ti, and Eu anomalies, positive Zr, Hf, and Al anomalies, and depletions in compatible elements (Fig. 9B) . The low contents of the HREE (i.e., Yb) and Y and Sc/Y ratios ~0.5 to 1.0 ( Fig. 9C ) are consistent with garnet and hornblende (e.g., Feng and Kerrich, 1992) residing in the source from which the Clifford intrusive suite were partially melted (i.e., generation at high pressures; see below).
U-Pb Geochronology
To constrain the age of the Clifford stock and associated dikes two samples were collected for U-Pb zircon geochronology, including a sample from the Clifford stock and a dike interpreted to be related to it. Both samples were analyzed at the Jack Satterly Geochronology Laboratory at the University of Toronto. Weathered surfaces were removed in the field, and each piece was subsequently washed and dried in the laboratory before further processing following the methods of Ayer et al. (2005) and Thurston et al. (2008) . Zircons were obtained from 10-to 15-kg samples using standard methods involving crushing, grinding, Wilfley table, heavy liquid, and magnetic separation methods. The highest quality zircons were handpicked from the least paramagnetic groups with the highest quality zircon grains selected on the basis of clarity, and the absence of cores, cracks, alteration, and (Pb-bearing) inclusions. All zircon fractions were subjected to an air abrasion treatment (Krogh, 1982) and then subsequently dissolved and spiked following the methods of Ayer et al. (2005) and Thurston et al. (2008) . Isotopic compositions of Pb and U were determined on a VG354 mass spectrometer at the Jack Satterly Geochronology Laboratory where procedural blanks are routinely at the 0.5-and 0.1-pg level or less for Pb and U, respectively. Initial compositions of common Pb were estimated here after Stacey and Kramers (1975) and decay constants used are those recommended by Steiger and Jäger (1977) . Age errors in the text and tables are all presented at the 95 percent confidence level. Error ellipses in the concordia diagrams are shown at the 2σ level. For concordant and near-concordant data having overlapping 207 Pb/ 206 Pb errors, weighted mean ages were calculated by forcing a regression through the origin of concordia, according to the method of Davis (1982) . Uranium-lead concordia diagrams were generated using the IsoPlot/Ex program of Ludwig (2001) . Calculated ages and errors using either the Davis (1982) or IsoPlot/Ex (Ludwig, 2001 ) algorithms were equivalent.
Age of Clifford stock
Sample 03SJP-115 (591133E, 5351000N, NAD83 datum) was collected to determine the primary crystallization age of the Clifford stock and to compare its age with other rocks of the Blake River Group, including subvolcanic intrusive rocks coeval with the Blake River Group stratigraphy. This sample is tonalitic to granodioritic in composition and is equigranular to weakly porphyritic with some larger 0.5-cm K-feldspar phenocrysts and/or megacrysts. Hornblende is the dominant mafic phase and there are some rounded epidote patches within the sample. Zircon within this sample is abundant and dominated by a population of elongate (length:width up to 6:1) cylindrical euhedral grains as well as subordinate, flat grains and larger, "glassy" fragments. Results from three analyzed single-grain fractions all overlap, straddling concordia, and a weighted mean 207 Pb/ 206 Pb age for all three is 2686.9 ± 1.2 Ma (±6.9 Ma including decay constant uncertainty; Fig.  10 ; Table 2 ). This age is younger than most ages in the Blake River Group that range from 2700.9 to 2694.1 Ma (Corfu et al., 1989; Mortensen, 1993; Galley and van Breemen, 2002) .
The 2686.9 Ma age is interpreted to represent the timing of magmatic crystallization of the Clifford stock and is similar to that determined for the Clarice Lake pluton (Corfu and Noble, 1992) , which also intrudes the Blake River Group near the Ontario-Québec border (Table 3) . Emplacement of the Clifford stock also coincided in time with intrusion of the Lac Dufault pluton in the eastern Abitibi of Québec (Table 3) , a late, K-feldspar porphyritic phase of the Lac Abitibi batholith (Mortensen, 1993 , and references therein), the K-feldspar porphyritic Adams stock south of Timmins (Frarey and Krogh, 1986) , and several gold-related intrusive rocks in the Porcupine camp (Corfu et al., 1989) .
Age of felsic dikes
Sample 03SJP-059-1 (590369E, 5349181N, NAD83 datum) was collected from a representative felsic dike intruding andesitic volcaniclastic rocks. These dikes have straight margins Easting  590880  590880  589170  589444  590849  590369  591934  590938  590938  Northing  5349453  5349453  5350097  5350567  5351742  5349181  5351663  5360770  5360770  Drill hole  ---------Depth  -------- Major element alteration plots for the rock of the Clifford intrusive suite, including: (A) an Al2O3/Na2O-Na2O plot with designations for least altered samples (Al2O3/Na2O index from Spitz and Darling, 1978) , (B) alteration box plot from Large et al. (2001) with Hashimoto alteration (Saeki and Date, 1980; Date et al., 1983) plotted against chlorite-carbonatepyrite index [CCPI: (MgO + Fe2O3(total))/(MgO + Fe2O3(total) + Na2O + CaO)], and (C) (K2O + Na2O)-(100*K2O/K2O + Na2O) plot of Hughes (1973 Irvine and Baragar (1971) . C. Modified Winchester and Floyd (1977) Zr/TiO2-Nb/Y discrimination diagram (from Pearce, 1996) . D. Al2O3-Yb diagram for classifying different types of TTG from Arth (1979) . Data for the Flavrian-Powell intrusive complex from and Galley (2003) . Data for Blake River Group rhyolites from Ontario from Péloquin and Piercey (2005) .
0361-0128/98/000/000-00 $6.00 Lesher et al. (1986) as modified by Lentz (1998) , with magmatic affinities based on Zr/Y ratios from the concepts of Barrett and MacLean (1999) . B. Primitive mantle normalized plot. C. Sc-Y plot of Feng and Kerrich (1992) . Data for the Flavrian-Powell intrusive complex from and Galley (2003) . Data for Blake River Group rhyolites from Ontario from Péloquin and Piercey (2005). and are interpreted to be younger than the surrounding rocks of the Blake River Group. In drill core, porphyry dikes have sharp contacts with surrounding rocks, supporting a postvolcanic origin. Abundant, high-quality zircons were recovered from this sample, comprising populations of colorless to pale brown, water-clear, euhedral long prisms, and stubbier or lozenge-shaped, sharp, doubly terminated grains. Small fluid, melt, or apatite inclusions were present in most zircons, but their abundance was minor. Four representative single grains were abraded and analyzed. All analyses are overlapping and are less than 0.6 percent discordant. Precise analyses obtained for the three most concordant fractions (A1, A3, A4) yield a weighted mean 207 Pb/ 206 Pb age of 2688.5 ± 2.3 Ma ( ±7.2 Ma including decay constant uncertainty; Fig. 10 , Table  2 ). The fourth fraction (A2) has a high proportion of common Pb and commensurate large errors, and yields a slightly higher 207 Pb/ 206 Pb age (2694 ± 5 Ma), which may reflect minor inheritance (Fig. 10, Table 2 ). The age of inheritance is similar to ages for the Blake River Group regionally (Corfu et al., 1989; Mortensen, 1993; Galley and van Breemen, 2002) .
The 2688.5 ± 2.3 Ma age is the best estimate of the timing of emplacement and crystallization of the felsic dike. This age is similar to the Clifford stock and suggests that the dikes are coeval with the stock, consistent with the lithogeochemical results. Moreover, these ages are synchronous with late-tectonic magmatic activity throughout the eastern Abitibi (Table 3 ; Corfu et al., 1989; Corfu and Noble, 1992; Mortensen, 1993) .
Re-Os Geochronology
Two samples of porphyry with gray quartz veins with CuMo-Au mineralization were sampled to test the age of porphyry-style mineralization associated with the Clifford stock and associated dikes. The two samples were processed to separate molybdenite following the methods presented by Selby and Creaser (2004) . Sample WC04-03-195 contained a centimeter-sized quartz vein cutting across a feldspar porphyry host rock. Small molybdenite-rich patches and veinlets within the quartz vein were present. Sample WC04-05-146 contained a single thin (~5 mm) stockwork vein with visible molybdenite and some pyrite. For both samples, the vein material was cut away from the host rock and molybdenite separated by metal-free crushing, gravity, magnetic, and waterfloatation methods. The 187 Re and 187 Os concentrations in molybdenite were determined by isotope dilution mass spectrometry at the University of Alberta Radiogenic Isotope Facility, following the methodology of Selby and Creaser (2001a, b, 2004) . Results are presented in Table 4 and, for both samples, identical Re-Os model ages are calculated. Both samples of molybdenite have similar high Re contents (~250 ppm), which is common for molybdenite associated with porphyry-style CuMo deposits. The model ages of 2681 ± 7 and 2684 ± 7 Ma overlap within analytical uncertainty, and a weighted average of 2682.4 ± 5 Ma (±7.8 Ma including decay constant uncertainty) provides the best determination of molybdenite formation in the veins (Table 4) . These values, although younger, are within uncertainty of the U-Pb ages of the host porphyry dikes.
Discussion
The Blake River Group in Ontario has an episodic metallogenic history with early VMS-related activity overprinted by younger porphyry Cu-Mo-Au mineralization. The older VMS-style alteration includes both epidote-quartz-(chlorite)-pyrite alteration as infillings in amygdules within basaltic rocks and chlorite-quartz-chalcopyrite alteration and mineralization. Other occurrences, such as the Canagau showing, are also considered to represent synvolcanic mineralization (Jensen, 1975; Hannington et al., 2003) . The age of the synvolcanic hydrothermal alteration is constrained to be between 2699.8 ± 3.6 Ma, the age for a synvolcanic rhyolite dike that cuts mineralization but is likely synchronous with the altered basalts and 2696.6 ± 1.3 Ma, the age for rhyolite from the PbAg-rich Canagau occurrence Péloquin et al., 2008 Pb/ 206 Pb age uranium decay constants are from Jaffey et al. (1971) mineralization in the Blake River Group (Mortensen, 1993; Galley and van Breemen, 2002; Lafrance et al., 2005) . In contrast, the porphyry Cu-Mo-Au mineralization is a distinctly younger event unrelated to sea-floor hydrothermal activity. Porphyry Cu-Mo-Au veins cut the Clifford stock and equivalent dikes that have yielded U-Pb dates of 2686.9 ± 1.2 and 2688.5 ± 2.3 Ma, respectively (Fig. 10, Table 2 ). Furthermore, Re-Os isotope data for molybdenite separates from these veins yield a weighted average age of 2682.4 ± 5.0 Ma age (±7.8 with decay constant uncertainties; Table 4 ). Although this Re-Os age is slightly younger than the U-Pb ages for the Clifford stock and associated dikes, it is within uncertainty of the U-Pb ages for this intrusive activity. Given the magmatic metal signature of the mineralization and the absence of similar aged magmatic rocks elsewhere in the region, it is reasonable to assume that the mineralization was synchronous with the Clifford stock.
The late-stage porphyry Cu-Mo-Au mineralization found in this study represents a slightly younger, previously unrecognized episode of hydrothermal activity in the Blake River Group. Overprinting porphyry Cu-Mo-Au mineralization is found in numerous VMS camps (Galley et al., 2000; Galley and van Breemen, 2002) , and Cu-Mo-Au mineralization is found in the late phases of the Flavrian pluton (e.g., St. Jude breccia), coincident with postcauldron magmatism and Aurich VMS deposit formation (Galley and van Breemen, 2002) . The ~2689 to 2686 Ma porphyry Cu-Mo-Au mineralization in Clifford Township, however, is unique in that it is associated with a plutonic event that is not associated with voluminous, coincident volcanic activity, as in other VMS districts (Table 3) .
This late-stage magmatic event at ~2690 to 2685 Ma is widespread across the entire Blake River Group and Abitibi subprovince (Corfu et al., 1989; Corfu and Noble, 1992; Mortensen, 1993; Ayer et al., 2002) and suggests the potential for other plutons of this age to host Cu-Mo-Au mineralization.
In the absence of precise geochronology, it is important to distinguish between potentially synvolcanic plutons and later phases of intrusive activity that are unlikely to have driven VMS-producing hydrothermal systems (Galley, 2003) . Previous studies have assumed that the Clifford stock was coeval with the Blake River Group and the Flavrian-Powell Intrusive Complex. The new U-Pb zircon geochronology indicates that it represents a distinctly younger phase of igneous activity (~2690-2686 Ma) occurring ~5 to 10 m.y. after the youngest phase of igneous activity in the Blake River Group and Flavrian-Powell intrusive complex (Mortensen, 1993; Galley and van Breemen, 2002; Lafrance et al., 2005; ) . In addition, mapping shows that the Clifford intrusive suite is not associated with abundant, coeval volcanic rocks, it is not a polyphase intrusive system, it has limited areal extent (less than 5 km 2 in comparison to the Flavrian-Powell intrusive complex which has an extent of at least 50 km 2 ), and it is associated with only porphyry-style Cu-Mo-Au mineralization. The Clifford stock is also geochemically distinct from the Flavrian-Powell intrusive complex. It has higher Al 2 O 3 contents, distinctively lower Y, Yb, Th, and HFSE, higher Zr/Y, La/Yb, Sm/Yb, and Al 2 O 3 /Yb ratios, and lower Zr/Nb, Zr/Th, Zr/La, and Zr/TiO 2 relative to the Flavrian-Powell intrusive complex (Figs. 8, 9, 11) . These differences can be explained by two processes: variations in the depth of melting and variations in the temperatures of melting and emplacement.
Origin of the intrusive rocks
The difference in degree and depth of partial melting is evident from the variable Y, Yb, and associated ratios (Zr/Y, La/Yb, Sm/Yb, and Al 2 O 3 /Yb) between the Clifford intrusive suite and the Flavrian-Powell intrusive complex. These differences can be modeled by assuming that the source regions for both suites were basaltic in composition and by varying the residual mineralogy as a function of the depth of melt generation (e.g., eclogite, garnet amphibolite, and amphibolite; Fig. 12 ). Basalt with enriched mid-ocean ridge basalt (E-MORB) composition from the Blake River Group has been chosen as the starting material for the melt models (data from MacDonald et al., 2005) . This source composition was chosen as it is a common substrate underlying the Blake River Group in Ontario and Quebec (Lafleche et al., 1992a, b; MacDonald and Piercey, 2003) and is consistent with sources chosen for similar models by other workers (e.g., Rapp et al., 1991; and Galley (2003) . Data for Blake River Group rhyolites from Ontario from Péloquin and Piercey (2005 A. An eclogite partial melt model (modal proportions from Bedard, 2006) illustrates that an eclogitic restite creates a melt model enriched in LREE and depleted in HREE relative to the Clifford stock. B. A rutile-bearing garnet amphibolite melt model (with curves representing 5, 10, and 25% garnet; modal proportions for the restite as in Cousens et al., 2002 ) is similar to the Clifford stock. C. An ilmenite-bearing amphibolite partial melt model (modal proportions for the restite from Cousens et al., 2002) for the Flavrian intrusive complex provides signatures that are similar to the Flavrian complex but slightly elevated in LREE and not sufficiently depleted in Ti. Subsequent crystallization of magnetite from the melt, however, successfully reproduces the signatures of the Flavrian intrusive complex rocks (D). Data for the Flavrian complex from . and Watson, 1995; Bedard, 2006; Moyen and Stevens, 2006 ). Other sources were tested (e.g., arc tholeiite and crustally contaminated MORB), but the Nb-Th-La relationships and REE characteristics of the Clifford intrusive suite and Flavrian-Powell intrusive complex could not be replicated using these sources. Models for TTG petrogenesis typically invoke deep melting of basalt with eclogitic residues, either via slab melting or delamination, or shallower melting with garnet granulite or amphibolitic residues (Drummond and Defant, 1990; Rapp et al., 1991; Rapp and Watson, 1995; Drummond et al., 1996; Martin et al., 2005; Bedard, 2006; Moyen and Stevens, 2006) . The eclogite residue has been chosen by many workers because it explains the heavy REE (HREE) depletion (the HREE are sequestered by the residual garnet) and the negative primitive mantle normalized Ti-Nb-Ta anomalies present within TTG suite rocks (Ti-Nb-Ta are sequestered in rutile within the eclogite). A model using an eclogite residue yields results that are too depleted in HREE and too enriched in highly incompatible elements to be the analog of the Clifford intrusive suite (Fig. 12 ), so they cannot be the products of deep melting, such as melting of the subducted slab (Drummond and Defant, 1990; Drummond et al., 1996) . The trace element signatures of the Clifford intrusive suite can be modeled successfully, however, using a rutile-bearing garnet amphibolitic residue. In contrast, the Flavrian-Powell intrusive complex is best modeled by an ilmenite-bearing amphibolitic residue coupled with fractional crystallization of magnetite (Fig. 12) .
SYNVOLCANIC AND YOUNGER PLUTONIC ROCKS OF THE WESTERN BLAKE RIVER GROUP
The modeled residues for the Clifford intrusive suite and Flavrian-Powell intrusive complex are consistent with different depths and pressures of melt generation. Using temperatures consistent with melting temperatures for TTG (e.g., 750º-1,000ºC), melts with amphibolitic residual mineralogy would likely have formed within the upper 40 km of Earth's surface ( Fig. 13; e.g., Rapp et al., 1991; Wolf and Wyllie, 1994; Rapp and Watson, 1995; Wyllie et al., 1997; Moyen and Stevens, 2006; ) . In contrast, melts with garnet amphibolite residues would have formed at depths greater than 40 km, whereas eclogitic residues would occur at even greater depths (>50-60 km; e.g., Rapp et al., 1991; Wolf and Wyllie, 1994; Rapp and Watson, 1995; Wyllie et al., 1997; Moyen and Stevens, 2006) . The models presented herein support the assertion that the Clifford intrusive suite was generated where garnet was a stable in the residue at great depths, whereas the Flavrian-Powell intrusive complex was generated where garnet was not stable in the residue and, therefore, at shallower depths (Fig. 14) .
However, the absolute differences in HFSE and REE (and Zr/TiO 2 ratios) abundances between the Clifford intrusive suite and the Flavrian-Powell intrusive complex (Figs. 8, 9 , 11) cannot be explained entirely by differences in depth and degree of partial melting. The Flavrian-Powell intrusive complex has consistently higher HFSE and REE contents when compared to the Clifford intrusive suite, a feature that can be attributed to variations in the melting temperatures at which the different suites were generated. Abundant experimental and empirical work has shown that for felsic rocks the higher the temperature of melt generation, the greater the HFSE and REE content of the felsic melts (Watson and Harrison, 1983; Clemens et al., 1986; Skjerlie and Johnston, 1992; Bea, 1996a, b; Watson, 1996; Chappell et al., 2000; King et al., 2001) , consistent with the Flavrian-Powell intrusive complex being generated at higher temperatures than the Clifford intrusive suite.
Zircon saturation temperatures also support a higher temperature origin for the Flavrian-Powell intrusive complex. Zircon saturation temperatures are calculated using the equation of Watson and Harrison (1983) where D Zr, zirc º n/melt is the ratio of Zr concentration (ppm) in zircon to that in a saturated melt (i.e., the mineral-melt partition coefficient for Zr in zircon from Watson and Harrison (1983) , M is the alumina saturation factor for the rock [M = (Na + K + 2 ⋅ Ca)/(Al ⋅ Si)], and T is temperature in Kelvin.
0361-0128/98/000/000-00 $6.00 For rocks that do not have significant inherited zircon, like those in this study, zircon saturation temperatures provide minimum estimates of the temperature of the felsic rock at the source (Miller et al., 2003) and thereby provide an estimate of the temperature of formation of the felsic rock (e.g., Barrie, 1995) . The Flavrian-Powell intrusive complex has an average zircon saturation temperature of 834ºC, whereas the Clifford intrusive suite has an average of 740ºC, supporting the inferred temperature differences based on HFSE-REE systematics (Fig. 13) . The different geologic and petrological attributes of the Flavrian-Powell intrusive complex and the Clifford intrusive suite may explain the different metallogenic histories of the two intrusive suites. Both intrusive complexes are spatially associated with mineralization, but there are significant differences in the associated metal endowment. The Flavrian-Powell intrusive complex was associated with ~110 Mt of mined ore (Galley, 2003) , whereas the Clifford intrusive suite is associated with only minor Cu-Mo-Au occurrences. In contrast to the Clifford stock, the Flavrian-Powell intrusive complex is a large, high-temperature intrusive complex generated and emplaced at a shallow level in the crust and therefore was able to drive robust and long-lived VMS-related hydrothermal systems (Cathles, 1981; Galley, 1996 Galley, , 2003 Barrie et al., 1999a, b) . Mineralogical and O isotope evidence in rocks surrounding the Flavrian-Powell intrusive complex illustrate that there was abundant high-temperature water-rock interaction and a robust hydrothermal system generated by this intrusive system (Cathles, 1993; Paradis et al., 1993; Taylor et al., 2000; Hannington et al., 2003a) . In contrast, the Clifford stock and associated dikes are younger than the surrounding volcanic rocks and they exhibit evidence for generation at depth (i.e., low Y and Yb in the garnet stability field) and from lower temperature melts (Fig. 13) . Oxygen isotope and mineral chemical evidence suggests that the hydrothermal system generated on a regional scale by the Clifford stock was cooler than that generated by the Flavrian-Powell intrusive complex (Taylor et al., 2000; Hannington et al., 2003a) . The lack of significant VMS mineralization associated with the Clifford intrusive suite may be due to the fact that the subvolcanic intrusive system was generated at too great a depth, was of insufficient volume, and had too low a temperature of emplacement.
The Clifford stock and associated rocks, however, are associated with porphyry Cu-Mo-Au mineralization and have some geochemical attributes (e.g., adakitelike high La/Yb, low Y and Yb) that are similar to many Phanerozoic porphyry intrusions (e.g., Kay and Mpodozis, 2001; Borisova et al., 2006) . It is possible that such late porphyries within the Abitibi greenstone belt could host significant Cu-Mo-Au mineralization.
Conclusions
Intrusive rocks associated with the Blake River Group in Ontario have characteristics that contrast significantly with those that host significant VMS mineralization in the eastern part of the group in the Noranda and Bousquet-LaRonde camps. In Ontario, intrusions are younger (2686.9 ± 1.2 and 2688.5 ± 2.3 Ma), have insignificant accumulations of VMS mineralization, are associated with porphyry Cu-Mo-Au mineralization (Re-Os molybenite ages of 2682.4 ± 5 Ma), are areally restricted, and not polyphase in nature. In comparison to the VMS-associated Flavrian-Powell intrusive complex in the Noranda camp, the western Blake River Group intrusions are characterized by lower total Y, Yb, Th, HFSE, and REE, with higher Zr/Y, La/Yb, Sm/Yb, Al 2 O 3 /Yb, and La/Sm UCN ratios, and lower Zr/Nb, Zr/Th, Zr/La, Zr/TiO 2 , and Nb/Th UCN ratios. These characteristics are consistent with derivation from low-temperature melting (<800ºC) at depths >40 km in the crust where garnet is stable in the residue (e.g., garnet amphibolite residue). In contrast, the Flavrian-Powell intrusive complex is consistent with generation at shallow levels in the crust (i.e., <40-km depth) in the amphibolite stability field and at temperatures >800º to 850ºC. The occurrence of hightemperature magmatism at high levels within this crust that is coeval with volcanic activity explains the association of numerous VMS deposits with the Flavrian-Powell intrusive complex, as this intrusive complex would have generated abundant heat at high levels in the crust to drive hydrothermal circulation. In contrast, the western Blake River Group intrusions were generated at depth and at lower temperature
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0361-0128/98/000/000-00 $6.00 1264 FIG. 14. A. Phase diagram for tonalite-trondjhemite formation via dehydration melting of amphibolite (modified after Wyllie et al., 1997) . Numbers correspond to residual minerals present in the source during melting. B.
Residual mineral phases present in the restite as a function of pressure and temperature. The trace element modeling results in Figure 12 suggest that the Clifford stock intrusive complex was generated at depths >40 km, whereas the Flavrian intrusive complex formed at shallower depths <40 km. increasing the probability of heat loss upon emplacement from depth, thereby decreasing the probability of hydrothermal circulation at high levels in the crust and likely explaining the paucity of VMS mineralization with these intrusive rocks. The results presented herein build on previous studies and provide important lithogeochemical criteria for discriminating intrusions formed at depths that likely have less potential to produce VMS versus those formed at shallow levels with greater potential to drive hydrothermal circulation.
Whereas the intrusions of the western Blake River Group intrusions have limited VMS potential, they do have some geochemical characteristics that are similar to some Phanerozoic porphyry Cu-Mo-Au-associated intrusive systems, highlighting the potential of porphyry Cu-Mo-Au systems of Late Archean age elsewhere in the Abitibi.
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